We study the longitudinal-transverse double-spin asymmetry with a cos φS modulation in semiinclusive deep inelastic scattering for charged and neutral pions production. We consider the particular case in which the transverse momentum of the final state hadron is integrated out. The corresponding asymmetry may be contributed by two parts: one is the convolution of the twist-3 distribution function gT (x) and the unpolarized fragmentation function D1(z), the other is related to the coupling of the transversity distribution function h1(x) and the collinear twist-3 fragmentation functionẼ(z). We take into account both contributions to predict the cos φS asymmetry at the kinematics of CLAS12 and a future Electron Ion Collider. We find that the asymmetry of pion production at CLAS12 is sizable, andẼ(z) can play an important role in the asymmetry in the large-z region.
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I. INTRODUCTION
Understanding the partonic structure of the nucleon is one of the main tasks in QCD and hadronic physics, whereas asymmetries in semi-inclusive deep inelastic scattering (SIDIS) process with polarized beams and targets have been recognized as very useful tools for this quest. The full description of SIDIS includes a set of transverse momentum dependent (TMD) parton distribution functions (PDFs) and fragmentation functions (FFs) [1] [2] [3] . Considering the case in which the lepton beam is longitudinally polarized and the target nucleon is transversely polarized, up to twist-3 level, there are three spin or azimuthal asymmetries arising, namely, the modulations of cos(φ h − φ S ), cos φ S and cos(2φ h − φ S ), where φ h and φ S are the azimuthal angles of the finalstate hadron and the transverse spin of the nucleon. Among them, the cos(φ h − φ S ) asymmetry is a leading twist observable contributed by the TMD PDF g 1T , and has been studied by models and experiments [4] [5] [6] [7] . The other two double spin asymmetries appear in the subleading order of 1/Q expansion, with Q the virtuality of the virtual photon. As demonstrated in Ref. [3] , under the TMD framework, each asymmetry receives several contributions from the twist-3 TMD PDFs and FFs that are coupled with the twist-2 FFs and PDFs. The roles of the twist-3 TMD PDFs on the cos(2φ h − φ S ) and cos φ S asymmetries were studied in Ref. [8] via spectator model calculations recently.
As different contributions mix together in the asymmetries at the twist-3 level, it is difficult to disentangle individual contributions in order to access those twist-3 PDFs and FFs through SIDIS measurement. In this * Electronic address: zhunlu@seu.edu.cn work, we resort to the collinear case in which the transverse momentum of the final-state hadron is integrated out (or is not measured). Under this circumstance, only the cos φ S asymmetry remains, because the other two asymmetries involve k T -odd TMD PDFs or FFs which vanish after the transverse momentum is integrated over. Furthermore, the cos φ S asymmetry is contributed by two terms out of six: one is the convolution of the twist-3 PDF g q T (x) and the unpolarized FF D q 1 (z), the other is the coupling of the transversity h q 1 (x) and the collinear twist-3 chiral-odd FFẼ q (z). Although the information of the k T -odd TMD PDFs and FFs is lost in the collinear picture, there is an opportunity to focus on the remained functions that give rise to the asymmetry. In light of this, we study the feasibility to access the twist-3 PDFs and FFs via the cos φ S asymmetry in double polarized SIDIS. In particular, we will consider the effect of the FFẼ q (z), which encodes the quark-gluon-quark correlation during fragmentation. We note that the contribution ofẼ q (z) in the cos φ S asymmetry has not been taken into account in previous studies. The double polarized SIDIS can be performed in the CLAS12 experiment which will soon be operational at JLab. A future option of SIDIS is the planned Electron Ion Collider (EIC). Thus in this paper we estimate the cos φ S asymmetry as functions of x and z at kinematics of CLAS12 and EIC. To this end, we calculate the distribution g q T (x) for u and d quarks by considering the Wandzura-Wilczek contribution [9] and the genuine twist-3 contribution [10] . For the FFẼ q (z), we adopt an approximate relation betweenẼ(z) and D 1 (z) motivated by the chiral quark model [11, 12] . Furthermore, we take into account the scale dependences of the PDFs and FFs entering the description of the asymmetry. This paper is organized in the following way. In Sec. II, we set up the formalism of the cos φ S asymmetry in SIDIS in the collinear picture. In Sec. III, we present the numerical calculation of the asymmetries in the leptopro-
The definition of azimuthal angles in SIDIS [13] . The lepton plane is defined by l and l ′ . S stands for the spin of the proton target, while P h for the momentum of the produced pion. S ⊥ is the transverse component of S with respect to the virtual photon momentum.
duction of charged and neutral pions at CLAS12 and EIC. In Sec. IV, we summarize our work and present the conclusion.
II. FORMALISM OF THE cos φS ASYMMETRY IN SIDIS
The process we study is the pion production semiinclusive deep inelastic scattering using a longitudinally polarized electron beam scattered off a transversely polarized proton target:
where l and l ′ stand for the momenta of incoming and outgoing leptons, namely electron, whereas P and P h denote the momenta of the target nucleon and the finalstate hadron (in our case the hadron is the pion meson), respectively. The reference frame of the process under study is shown in Fig. 1 , where the momentum of virtual photon defines the z axis, in accordance with the Trento conventions [14] , φ h denotes the azimuthal angle between the hadron momentum and the lepton scattering plane, while φ S stands for the azimuthal angle of the transverse spin of the proton target.
The invariants used to express the differential cross section are defined as
As usual, q = ℓ − ℓ ′ is defined as the momentum of the virtual photon. Up to twist-3 level, the six-fold (x, y, z, φ h , φ S and P T ) double polarized differential cross section in SIDIS with a longitudinally polarized electron and a transversely polarized target has the general form [3] :
where S T is the transverse spin vector of the nucleon, λ e is the helicity of the electron beam, and ε is the ratio of the longitudinal and transverse photon flux
In Eq. (3), F cos φS LT and F cos(2φ h −φS ) LT are the twist-3 structure functions that contribute to the cos φ S and the cos(2φ h − φ S ) azimuthal asymmetries, respectively. Particularly, F cos φS LT (x, z, P hT ) can be expressed as [3] F cos φS LT where ω(p T , k T ) is an arbitrary function of p T and k T , and the summation runs over all considered quarks and antiquarks. In this work, we will consider the particular case in which the transverse momentum of the outgoing pion meson is integrated out, or equivalently, the case in which only the longitudinal momentum fraction z of pion is measured. Thus, after the integral d 2 P hT is performed, the four-fold differential cross section has the form
Here, the structure function F cos φS LT (x, z) is the collinear counterpart of the original structure function F
Eq. (8) contains the convolution of the twist-3 distribution g q T (x) and the twist-2 FF D q 1 (z), as well as that of the twist-3 fragmentation functionẼ q (z) and the twist-2 PDF h q 1 (x). The longitudinal-transverse spin asymmetry may be defined as
which is consistent with the notation of previous experimental measurements [7] . Thus, the x-dependent cos φ S asymmetry can be defined as
where F UU is the unpolarized structure function:
with f q 1 (x) and D q 1 (z) being the unpolarized PDF and FF, respectively. In a similar way, the cos φ S asymmetry as a function of z can be written as
The twist-3 distribution function g q T (x) can be expressed as the combination of the spin-dependent structure functions g 1 (x) and g 2 (x) [15] :
where g 1 (x) is the leading twist structure function contributed from the helicity PDFs
and g 2 (x) is the structure function related to the transverse spin of the target proton, which can be separated into two parts
Here g WW 2 (x) and g tw−3 2 (x) are the Wandzura-Wilczek and genuine twist-3 contributions to g 2 (x), respectively.
In the absence of the higher twist contribution g tw−3 2 (x), the structure function g 2 (x) is determined by the structure function g 1 (x)
which is usually referred to as the Wandzura-Wilczek approximation [9] . A number of theoretical [10, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and experimental [28] [29] [30] [31] [32] [33] works have been carried out to study the validity of this approximation. Particularly, in Ref.
[10] a result of g tw−3 2 (x) for proton and neutron target obtained from the convolution integrals of the lightcone wave functions was presented at the reference scale
2,p (x) = 0.0436772(lnx +x + 1 2x 2 ) +x 3 (1.57357
2,n (x) = 0.0655158(lnx +x + 1 2x 2 ) +x 3 (0.130996
which is used to compare with the SLAC and JLab data. In this work we apply the results in Eqs. (17) and (18) to obtain the twist-3 PDF g q T (x). To do this, we combine Eqs. (13), (15) and (16) 
where g tw−3,q 2 (x) is the contribution to g tw−3 2 (x) from q flavor. In the following we assume that g tw−3 2 (x) is mainly contributed by u and d quarks, which should be valid in the valence region. After applying the isospin symmetry we can obtain the expression for g
2,n (x)), (21)
2,p (x)). (22) To estimate the asymmetry A cos φS LT
, we also need the knowledge of the chiral-odd twist-3 FFẼ q (z), which involves the quark-gluon-quark correlation. Currently there is no theoretical and experimental information oñ E q (z). The only constraint onẼ q (z) is the equation of motion relation [2] 
where E q (z) is the twist-3 FF [34] encoded in the quarkquark correlation during fragmentation, m q is the current quark mass, and M h is the mass of final state hadron. E q (z) was studied by the chiral quark model [12] and the spectator model [35] . The effect of E(z) on the beam SSA A sin φ h LU has also been calculated [12, 35] . To estimate the DSA contributed byẼ q (z), we apply Eq. (23) and adopt the chiral quark model result for
with m ′ q the constituent quark mass. In principle the current quark mass should be much smaller than the constituent quark mass and m h , so that the second term on the r.h.s of Eq. (23) should be negligible. As a rough estimate, we assume that values of the two masses are the same for simplicity. This assumption may be crude. However, as we will show in the next section, the assumption will not change the main result of our paper. Thus, in our estimationẼ q (z) is proportional to the unpolar-
For the quark mass we choose m ′ q ≈ M/3, following the choice in Ref. [12] .
As for the transversity h 1 (x) in Eq. (8), we adopt the standard parametrization from Ref. [36] (at the initial scale
with
In order to be in consistence with the choices in Ref. [36] , we apply the GRV98 leading-order (LO) parametrization [37] for the unpolarized PDF f q 1 (x). For the helicity PDF g q 1 (x) appearing in Eqs. (21), (22) and (26), we adopt the GRSV2000 LO parametrization [38] . For D q 1 (z) appearing in Eq. (8), (11) and (25), we choose the LO set of the DSS parametrization [39] .
III. NUMERICAL ESTIMATE
In this section, we perform the numerical calculation to obtain an estimate of the cos φ S asymmetry by utilizing the formalism presented in Sec. II. In our calculation we will take into account the kinematical configurations at CLAS12 and EIC.
In Fig. 2 , we plot the twist-3 PDF xg (21), (22), (25) and (26) are given at certain fixed scales, the evolution to other scales is necessary. The scale dependence of g T (x) is determined from that of g q,W W T (x) and g q,tw−3 T (x):
In this work we assume that the Q 2 dependence of
To evolve the twist-3 contribution g tw−3 T , we adopt the non-singlet evolution kernel for g tw−3 2
The above kernel is a simpler version of the exact evolution based on the large-N c and large-x approximation. The same evolution was also used in Refs. [10, 40] . As shown in Ref. [10] , the scale dependence of the twist-3 contribution g coincides with the result from exact evolution. Therefore, in this paper we apply Eq. (30) for the evolution of g tw−3 2 (x) for simplicity. To perform numerics we implement Eq. (30) in the HOPPET [41] package. The HOPPET package is also applied to evolve the transversity h 1 (x) after including chiral-odd LO splitting functions in the code.
The FF E(z) used in our estimation is obtained at the chiral symmetry breaking scale. At higher scale the relation (24) might breakdown because the evolutions of E(z) and D 1 (z) are different. However, as a rough estimate, we will assume that the Q 2 dependence of E(z), as well asẼ(z), is the same as that of D 1 (z).
The kinematical configuration used to calculate the cos φ S asymmetry at CLAS12 is as follows [42] , 0.072 < x < 0.532, 0.2 < z < 0.8, E e = 11 GeV,
where W is the invariant mass of the photon-nucleon system:
In the upper, central and lower panels of Fig. 3 , we show the cos φ S asymmetries at CLAS12 for π + , π 0 and π − , respectively. In each panel, we plot the x-dependent (left figure) and z-dependent (right figure) asymmetries. The dashed and the dotted lines correspond to the asymmetries contributed by the twist-3 PDF g q T (x) and the twist-3 FFẼ q (z), respectively, while the solid lines depict the sums of the two contributions. We find the cos φ S asymmetries for both the charged and neutral pions are sizable at CLAS12, about several percent. Another observation is that the size of the asymmetries for π + and π 0 is larger than the size of the asymmetry for π − production. Therefore, it is feasible to measure the cos φ S asymmetry through the CLAS12 experiments, in the case the transverse momentum of the final hadron is not measured. From the x-dependent curves one can see that the asymmetries for charged and neutral pions are all negative. This is because both thẽ E q (z) contribution and the g q T (x) contribution to the xdependent asymmetries are negative. We also find that the size of the contribution fromẼ q (z) is comparable to that from g q T (x). In addition, the magnitude of the xdependent asymmetries increases with x in the small-x region, reaches a peak around 0.1 < x < 0.2, then it decreases mildly as x increases for both charged and neutral pion production. The z-dependent asymmetries for different pions are mostly negative, except the asymmetry for π − in the large-z region. The contribution of g q T (x) has a weak dependence on z, especially in the case of π + and π − . However, the magnitude of theẼ q (z) contribution increases rapidly with increasing z, since there is a factor z 2 /(1 − z) in the expression ofẼ q (z). In the largez region, the contribution fromẼ q (z) might dominate over that from g q T (x). Hence, there is an opportunity to access the h 1 (x)⊗Ẽ q (z) term, provided that the statistic of the data in the large-z region is substantial. To calculate the cos φ S asymmetry at EIC, we adopt the following kinematical cuts [42] 
In Fig. 4 , we plot A cos φS LT of charged and neutral pions vs x and z at EIC, similar to the format in Fig. 3 . Although the sign and the shape of the asymmetries for different pion productoin at EIC are similar to those at CLAS12, it is found that the cos φ S asymmetry at the kinematical configuration of EIC is much smaller (less than 0.3%). This is because the asymmetry we study is at the twist-3 level, at which the effect will be suppressed by 1/Q, and the averaged Q value at EIC is much higher than that at CLAS12.
We end this section with two comments. Firstly, to obtain the collinear results in Eqs. (7) and (8) from the fully differential cross section in Eq. (3), we have performed a formal, exact analytical integration over P hT in the range [0, +∞]. As shown in Ref. [43] , in parton-model based approaches with on mass-shell partons, there are kinematical constraints on the maximum size of the parton transverse momentum:
and hence of P hT . In literature these constraints are higher-twist kinematical effects and are often neglected for leading-twist observables. The study in Ref. [43] showed that, for higher-twist observables (such as the twist-3 Cahn effect), applying the additional requirement in Eq. (33) will lead to different results with respect to the usual phenomenological approach based on analytical integration over an unlimited range of k T values. To check if the kinematical constraints like those given in Eq. (33) is relevant in the study of the asymmetry A cos φS LT contributed by g T andẼ, we apply the constraints in Eq. (33) to perform the integration over P hT , k T and p T numerically for the first line in Eq. (5). For more details, we assume the Gaussian form for the transverse momentum dependence of the PDFs and FFs. In this case we find no difference with respect to the collinear results calculated from Eq. (8) . Furthermore, we verify that the results do not change when we vary the Gaussian widths of the PDFs and FFs. This is different from the Cahn effect for which the kinematical constraints lead to a different result from the analytical integration [43] . The reason may come from that fact that there is a k Tdependent prefactor k T · P hT /|P hT | associated with the Cahn effect, while in our case such prefactor does not appear in the convolution g T ⊗ D 1 or h 1 ⊗Ẽ. Secondly, as mentioned in the previous section, in our calculation we have assumed that the current quark mass is the same as the constituent quark mass. As a check, we also consider the case in which the current quark mass term in Eq. (23) is neglected. The fragmentationẼ(z) thus has the form:
We apply Eq. (34) to recalculate the asymmetry A cos φS LT at CLAS12 and plot the result in Fig. 5 . We find that in this case the asymmetry contributed by the fragmentation functionẼ is more significant, as a factor of z is removed in Eq. (25) . Specifically, the x-dependent asymmetry fromẼ is almost doubled in the intermediate x region, and the asymmetry at smaller z region is enhanced. However, the shape of the total symmetry is generally similar to the result in the previous calculation: i.e., the x-dependent asymmetry peak at around x ∼ 0.2, and the magnitude of the z-dependent asymmetry increases with increasing z. Hence, the calculation according to Eq. (34) shows that there is still a good opportunity to accessẼ through measuring the asymmetry A cos φS LT at CLAS12.
IV. CONCLUSION
In this work, we have studied the cos φ S asymmetry in double polarized SIDIS. Particularly, we have focused on the case that the transverse momentum of the finalstate hadron is integrated out. Under this circumstance the asymmetry arises from two contributions, namely, the convolution of g q T (x) and D q 1 (z), as well as that of h q 1 (x) andẼ q (z). We have included both contributions to estimate the cos φ S asymmetry for charged and neutral pions at the kinematics of CLAS12 and EIC. To do this we have gone beyond the Wandzura-Wilczek approximation and adopted an analysis of g tw-3 2 (x) to obtain the genuine twist-3 part of g q T (x). Furthermore, motivated by the chiral quark model, we have employed an approximate relation between the twist-3 FFẼ q (z) and the unpolarized FF D q 1 (z). In addition, we have considered the evolution effect of the twist-2 and twist-3 PDFs and FFs in the calculation. The numerical prediction shows that the asymmetries for the charged and neutral pions are all sizable at CLAS12, about several percent. In contrast, the asymmetries at EIC are much smaller due to the suppression in the large-Q region. Although for the x-dependent asymmetry the size of the contribution from E q (z) is comparable to that from g q T (x), we find that the asymmetry in the large-z region is completely dominated by the convolution of h q 1 (x) andẼ q (z). Therefore, it might be promising to access the unknown twist-3 FF E q (z) via the measurement of the cos φ S asymmetry of pion production in SIDIS with the collinear picture.
